This paper presents the map and DNA sequence analysis of pRi8196 transferred DNA (T-DNA) genes encoding root-inducing and mannopine synthesis functions. A canonical 24-base-pair border repeat as well as two "pseudoborders" are present at the functional right T-DNA border. To the left of this border are homologs ofthe masi' and mas2' genes of TR pRiA4. Next to these are five open reading frames (ORFs) homologous to ORFs 1-14 of TL of pRiA4. ORFs 10-12 (roL4, roWl, and roi) are less related to their pRiA4 homologs than are the other large ORFs analyzed here. In contrast to T-DNA genes of pRiA4, pRi8196 T-DNA ORFs 11 and 12 (rolB and roiC) are sufficient to induce hairy roots on carrot disks.
Agrobacterium rhizogenes is a soil bacterium that causes hairy root disease on dicotyledonous plants by integrating a segment of plasmid DNA into the genome of infected plant cells, where it is stably maintained (1) . Expression of the transferred DNA (T-DNA) in plant cells results in adventitious root formation at the infection site (1) . These roots can be grown in vitro, where they exhibit a typical hairy root phenotype of rapid growth, reduced geotropism, and high incidence of lateral branching (2) . Like crown gall tumors, hairy roots synthesize plasmid-specific compounds called opines; the T-DNA of pRi81% carries genetic loci that effect mannopine synthesis (1) in addition to hairy root induction and abnormal root growth.
Ti and Ri plasmids appear to induce aberrant growth in host plant cells by physiologically distinct mechanisms. T-DNA genes of the Agrobacterium tumor-inducing (Ti) plasmids cause neoplastic growth by inserting genes encoding enzymes involved in biosynthesis of auxin (tms or aux loci) and cytokinin (tmr locus) (3) (4) (5) (6) . pRi8196 T-DNA fragments (7) do not appear to be homologs of the Ti auxin and cytokinin biosynthetic genes, a conclusion based on DNA hybridization experiments (8) . Strains containing pRi8196 induce roots only when the inoculation site has a high endogenous auxin level, or when auxin is exogenously supplied (9, 10) . The T-DNA of pRi8196 thus seems to lack a functional biosynthetic pathway for auxin, in contrast to the agropine-type Ri plasmid T-DNA, whose TR-DNA encodes auxin genes auxi and aux2 (11, 12) . Recently amino acid sequence comparison has revealed low but significant match between open reading frame (ORF) 8 of pRiA4 and the auxl gene of pTil5955 T-DNA (13) , but no function has yet been ascribed to ORF8.
Hairy root induction by pRi1855 (or highly homologous pRiA4) has been studied at both the genetic and the molecular level. Three ORFs, numbered 10, 11, and 12 (rolA, rolB, and roiC genes), can efficiently incite hairy roots on tobacco and kalanchoe, and each of these genes alone can induce root formation to a smaller extent in tobacco (14, 15) . Two additional ORFs, 13 and 14, were found to be necessary for hairy root induction on carrot disks (15, 16) . This paper presents the map and sequence** of the T-DNA genetic loci of pRi8196 responsible for mannopine synthesis and hairy root induction on carrot disks. We compare the T-DNA of pRi8196 with that of pRi1855 and pRiA4 in an effort to advance our understanding of the mechanism of hairy root induction.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. C58CI(pRi8196) is a mannopine-utilizing transconjugant isolated by conjugation ofthe 8196 virulence plasmid into the cured Agrobacterium strain C58C1 (1) . pRK404 3 is a derivative of pRK404 (17) in which the EcoRI site near the oriV of the vector has been abolished and the EcoRI-HindIII polylinker sequence has been replaced with the one present in pUC19 (18) .
Bacterial Culture and Matings. Bacteria were grown in LB medium (ref. 19, p. 433) , at 37°C for Escherichia coli and 28°C for Agrobacterium. Depending on the plasmid content of the strains, media were supplemented with the following antibiotics: tetracycline (Tc) (10 ug/ml), kanamycin (Km) (25 ,g/ml), or ampicillin (Ap) (100 ,ug/ml) for E. coli strains, and Tc (2.5 ,ug/ml) or Km (200 ,ug/ml) for Agrobacterium strains.
Recombinant plasmids that were derived from mobilizable plasmids pRK404 (17) and Binl9 (20) were transferred to Agrobacterium strains by triparental mating using E. coli harboring the helper plasmid pRK2013 (17) . Transconjugants were selected on M63 solid medium (ref. 19 , p. 431) containing sucrose as carbon source and suitable antibiotics. The plasmid content of transconjugants was checked by agarose gel electrophoresis after alkaline extraction (21) at 37°C, a procedure that minimizes degradation of large plasmids.
Plasmid Isolation and Cloning of T-DNA Fragments. Plasmid isolation from E. coli strains and cloning of fragments of T-DNA employed standard procedures (22) . Relevant T-DNA fragments to be cloned were purified by electrophoresis in low-melting agarose gel by standard procedures (22 IDeceased February 2, 1989. "lTo whom reprint requests should be addressed. **The sequence reported in this paper has been deposited in the GenBank data base (accession no. M60490); it can be obtained on request from J. Brevet.
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E. coli JM83 (23) was used as recipient for recombinant plasmids derived from Binl9, pRK404, or pRK404-3 and transformant cells were selected on antibiotic II medium (Difco) containing 5-bromo-4-chloro-3-indolyl /3-D-galactoside (X-Gal) and the appropriate antibiotic. Plasmid from putative transformants was extracted as described (21) . DNA Sequence Analysis. DNA fragments were cloned in pAA-PZ718 and pAA-PZ719 (Gold Biotechnology, St. Louis), and overlapping clones were obtained by using the transposon-promoted deletions method of Ahmed (24) . For sequencing single-stranded DNA, the dideoxynucleotide chain-termination method (25) Introduction of T-DNA Fragments into Plants. T-DNA subfragments cloned in the polylinker of pRK404 or Binl9 were transferred to plants after introduction into Agrobacterium strains containing either pAL44O4 (26) or pRi2659 (27) , which provided virulence functions in trans.
Inoculation of Carrot Disks, Root Culture in Vitro, and Opine Analysis. Carrot disks were prepared and inoculated as described previously (28) , stored at 250C in the dark, and scored for root development after 4-6 weeks. Individual root tips were explanted and cultured on solidified medium containing Murashige and Skoog (29) mineral salts, sucrose (30 g/liter), and vitamins (30) . To prevent bacterial growth, cephalosporin (Cefotetan, ICI) was routinely incorporated into the first culture medium at 250 gg/ml. Assessment of root growth was performed by comparison with roots obtained after inoculation of wild-type A. rhizogenes 8196. Preparation of root extracts and analysis of opines by highvoltage paper electrophoresis were as described (31) . Deoxyfructosylglutamine, the precursor of mannopine, was identified by staining with triphenyltetrazolium chloride as described (32) .
RESULTS
Localization of T-DNA Right Border Region. T-DNA transfer is dependent on presence of a conserved right border sequence and in some cases a nearby "overdrive" sequence (33) (34) (35) (36) . The localization of this border sequence in pRi81% T-DNA was studied by inserting T-DNA fragments into vectors with and without a right border sequence (Bin19 and pRK404-3, respectively). A right-border-containing fragment should be transferred to plant cells from both types of vectors, whereas a borderless fragment would be transferred only in Bin19. Transfer was assessed by checking putative transformants for phenotypic expression of T-DNA genes.
The 9.5-kilobase (kb) Spe I fragment encompassing the right portion of pRi81% T-DNA (Fig. 1) was cloned in Bin19 (pMOBI2) and pRK4O4-3 (pMORK6). Only pMOBI2 was able to incite root formation, indicating that root-inducing genes but no T-DNA right border is located within this Spe I fragment. The T-DNA insert of plasmid pMORK3 (Fig. 1 (Fig. 1) , respectively, which were conjugally transferred to strain LBA4404 (26) for virulence tests on carrot disks. pMORK3 induced root formation while pMORK7 did not; therefore genes essential for root formation must be located in BamHI fragments 6, 10a, or both.
To test this hypothesis different fragments generated by single or double digestions were cloned between borders of Binl9. Among the recombinant plasmids studied, only two (pMOBI2 and pMOBI6) induced hairy root formation on carrot disks (Fig. 1) ; pMOBI5 and pMOBI7, truncated on the right, incited only a few short (<5 mm) roots that failed to grow in vitro.
Transformed roots incited by pMOBI2 or pMOBI6 exhibited the hairy root phenotype: they grew more rapidly in culture, were more branched, and showed reduced geotropism when compared with untransformed root cultures. Common to the two hairy root-inducing clones is a 3-kb segment shaded on the map in Fig. 1 .
DNA Sequence Analysis. DNA sequence of the 12.7-kb region extending from the EcoRI site of pMOBI7 to the right-most HindIII site of pMORK3 ( Fig. 1) (Fig. 2A) ; no sequence matching the core of the octopine Ti overdrive sequence (TGTTTGTT) (35) was found beyond this border. Two copies of a 26-bp sequence, present in tandem just before the right border ( Fig. 2A) , show partial identity with the canonical border sequence (Fig. 2B ).
DISCUSSION
Identification of ORFs Required for Carrot Hairy Root Induction. From the properties of pRi8196 T-DNA subclones described above, we deduce that essential root-inducing functions map between the Spe I site at nucleotide 2180 and the EcoRI site at nucleotide 5690 (shaded region of the map in Fig. 1 ). DNA sequence analysis reveals that this region encompasses ORF11 and ORF12 (rolB and roiC), including 705 bases of DNA downstream of ORF11 on the left and 427 bases downstream of ORF12 on the right.
Truncation of this region from the right to the BamHI site at nucleotide 5093 interrupts ORF12 and eliminates hairy root induction on carrot disks (Fig. 1) .
Auxin Pathway. Despite the lack of a functional auxin pathway in pRi8196 T-DNA [evidenced by polarity (9, 10) in virulence on carrot disks], we note the presence ofat least the C-terminal portion of ORF8, whose pRiA4 counterpart shows very low but significant match to the auxi gene of pTi15955 (13) . We do not know whether this gene is functional in pRi8196-transformed roots. Its function is clearly not required for carrot transformation, while auxin is required. A function for ORF8 of these Ri plasmids might be revealed by virulence assays on other host plants.
Border Repeat Sequences. We have identified a candidate 24-bp border repeat sequence at the functional right border of pRi8196 T-DNA. The leftmost 13 bp match both Ti (12/13) and Ri (12/12) consensus bases, and the remaining 11 bases match Ri consensus at 2/4 conserved positions ( Fig. 2A) and Ti consensus in 4/7 ( Fig. 2A) . Thus it is not surprising that the pAL4404 (octopine plasmid) vir genes responsible for T-DNA excision recognize this Ri T-DNA border.
Unique to pRi81% is the occurrence immediately to the left of the canonical border sequence of two copies of a 26-bp sequence, arranged as tandem direct repeats, that resemble border repeats. These pseudoborders match the canonical Ri border sequence at 8 or 10 of its first 13 (high consensus) bases but match poorly (2/4) at the remaining consensus bases (Fig. 2B) . A synthetic border consisting of only 12 of the first 13 conserved bases of a border repeat is inactive in T-DNA transfer (42) . Because our pseudoborders have even less match than this, we suppose that they are inactive. We note, however, the possibility that vir genes from other Ti or Ri plasmids may recognize these pseudoborders.
Genes for Mannopine Biosynthesis (mas Genes). Our sequence studies reveal that pRi8196 possesses genes for mannopine synthesis (mas) that are highly homologous to those on the agropine-type Ri plasmid A4 (40) . This latter plasmid carries, in addition, a gene for agropine biosynthesis. TR-DNA of the octopine Ti plasmid has the same mannityl opine functions and genes as pRiA4. Sequence match for the mas genes is higher between these two Ri plasmids than between either of these and the Ti plasmid.
Root-Inducing Loci. In contrast to results presented here, studies of root-inducing loci of agropine-type pRi1855 have shown that roLA, -B, and -C, or even just rolB, can induce hairy root formation on carrot disks under two conditions: either ORF13 and -14 (presented in trans by a coinoculated strain) must be present in the transformed cells (16) , or the auxi and aux2 genes of TR must be presented in trans by a coinoculated strain. Only in the latter case are fully auxinindependent hairy roots incited, even though auxl and aux2 genes are usually not included in their T-DNA. Tobacco, a more sensitive host, produces hairy roots when inoculated with rolA, rolB, or roIC (14, 15) . Auxin is an inducer of roiB of pRiA4 and pRi1855, a finding which suggests one reason for the auxin requirement for hairy root induction (43) . roiB is the only Ri T-DNA gene whose inactivation renders the strain avirulent (44) . Taken together, these results focus on rolB as the most important factor in hairy root transformation.
Protoplasts and root tips of both pRi8196-and pRi1855-transformed hairy root cells exhibit a dramatic increase in auxin sensitivity (45) compared with that of normal root material. rolB alone in transgenic tobacco has the most potent effect on auxin sensitivity (46) . Despite the different sets of genes required for hairy root induction by these two Ri plasmids, similar high auxin sensitivity ensues in both cases. It is possible that this auxin sensitivity is produced by expression of the gene(s) that are common to root induction in 81% and 1855 (rolB and/or roiC), but that conditions for induction of these genes are different for different Ri plasmids. This could be a consequence of evolution leading to adaptation of Ri plasmids to different hosts.
Earlier heteroduplex studies (47) , confirmed now by DNA sequence comparison, reveal a surprising fact about overall Ri plasmid T-DNA sequence divergence: for the Ri plasmids studied thus far, divergence is higher in the area of the roU, -B, and -C genes than in the remainder of T-DNA, consistent Genetics: Hansen et al.
with the view that the rol genes may have coevolved with particular types of plant hosts. Very distant relatedness has been noted in the DNA and protein sequences for Ti and Ri T-DNA genes, with indication of redundancy in the latter (15) . Such redundancy in the past may have afforded an opportunity for the more rapid evolution noted here ofthe rol genes required for hairy root induction on carrot.
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